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Abstract. High-resolution time-lapse micro-focus X-ray computed tomography is an effective
method for investigation of deformation processes on volumetric basis including fracture propagation
characteristics of non-homogeneous materials subjected to mechanical loading. This experimental
method requires implementation of specifically designed loading devices to X-ray imaging setups. In
case of bending tests, our background research showed that no commercial solution allowing for reliable
investigation of so called fracture process zone in quasi-brittle materials is currently available. Thus,
this paper is focused on description of recently developed in-situ four-point bending loading device
and its instrumentation for testing of quasi-brittle materials. Proof of concept together with the pilot
experiments were successfully performed in a CT scanner TORATOM. Based on results of the pilot
experiments, we demonstrate that crack development and propagation in a quasi-brittle material can
be successfully observed in 3D using high resolution 4D micro-CT under loading.
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1. Introduction
Proper characterization of damage processes in non-
homogeneous materials requires development of ad-
vanced experimental procedures and instrumentation
of testing devices. One of currently investigated prob-
lems is evaluation of the so called fracture process
zone (FPZ) [1] together with crack propagation in
quasi-brittle building materials [2], e.g. sandstones or
man-made cementitious composites. For this purpose,
notched samples are typically submitted to flexural
loading in standard loading frames. In case of optical
or thermographical measurement, basic information
about crack propagation can be obtained, but informa-
tion about deformation processes and FPZ evolving
within volume of the tested sample stays uncovered.
For that reason, radiographical observation of the
loading procedure capable of revealing microstruc-
tural variations in 3D is one of the most efficient
methods [3].
To obtain relevant information about deformation
and fracture behaviour of investigated quasi-brittle
material, development of complex experimental pro-
cedure including design of a specialised loading de-
vice was necessary. We proposed a novel approach to
four-point bending experiments during high-resolution
micro-CT scans, which is based on vertical orientation
of the investigated specimen, whose axis of rotations
is identical with rotational axis of the CT scanner.
This arrangement significantly reduces fluctuation of
X-ray attenuation during the imaging and thanks to
smaller source-object distance higher resolution of the
reconstructed 3D images can be achieved during the
experimental procedure. Aside from technical details
of the experimental device, proof of concept together
with the preliminary results are presented in this pa-
per.
2. Fracture of quasi-brittle
material
Fracture of quasi-brittle materials is accompanied by
formation and evolution of an inelastic zone around
the propagating crack tip. This area referred to as the
FPZ, which starts to appear at ≈ 75% of ultimate
stress is responsible for the non-linear propagation of
the crack in quasi-brittle materials [4]. Typical de-
formation response to the loading of the quasi-brittle
material together with scheme of FPZ is depicted in
fig. 1. In this zone, the damage on several scale levels
of material microstructure can be detected.
Since the FPZ is a non-linear zone of damage in
front of the macroscopic crack propagating through
the material, its influence on overall damage resistance
of quasi-brittle structural elements has to be treated
with respect to ratio of FPZ size to size of the assessed
structural element. It has already been shown that
size of the FPZ may be comparable to the material’s
basic constituents (e.g. the aggregates and voids) or
it can be greater in extent by up to two orders of
magnitude [5]. Here, X-ray micro-CT measurement
plays crucial role in detection of the crack tip and
FPZ propagation in the materials’ microstructure.
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Figure 1. Typical F–d curve of a quasi-brittle ma-
terial subjected to flexural loading (left), schematic
propagation of FPZ (right)
3. Instrumentation
Since 2013, the modular system for X-ray based ob-
servation of time-dependent processes in wide range
of structural and functional materials has been con-
tinually developed to fulfill recent challenges of ex-
perimental mechanics and to keep all technologies
of the system up-to-date. The system consists of
the patented TORATOM imaging device (European
patent no. EP2835631) and various loading device for
specific experimental purposes.
3.1. X-ray imaging device
In the current configuration, the device consists of
two modular perpendicular imaging chains, which
enables dual-source/dual-energy radiographical and
tomographical experiments. Wide range of its appli-
cations is given by various X-ray sources and detec-
tors currently available. The first XWT 160 TCHR
(X-RAY WorX, Germany) 160 keV microfocus trans-
mission tube with 1µm focal spot at target power
of 3W can be used for detailed analysis of materials
with complex microstructure. The second high power
XWT 240 SE (X-RAY WorX, Germany) 280W reflec-
tion tube allows to analyse physically large samples or
samples of materials with high attenuation of X-rays.
Furthermore, it is possible to use different types of
radiation imaging detectors - scintillating large-area
flat panel detector, or various semiconductor pixelated
detectors of the Medipix family [6, 7] with theoret-
ically unlimited dynamic range, including the large
area detector composed of 10× 10 Timepix 2 assem-
bly [8], fast devices with maximum possible frame
rate of 200 fps without compression in two-row/two-
column configuration of Timepix chips [9], and also
spectroscopic detectors. For the analysis presented in
this paper, a combination of the XWT 160 source and
XRD1622 (PerkinElmer, USA) scintillating large-area
flat panel detector was used.
3.2. Image correction procedure
It is a well known fact that the raw radiograms cannot
be usually used for a high-resolution CT reconstruc-
tion procedure with sufficient quality of the recon-
structed 3D image as they may suffer from stationary
noise caused by the inhomogeneous characteristics of
individual pixels, inhomogeneity of the background
brightness caused by the intensity profile of the X-ray
beam, and abnormal response of individual pixels (so
called bad pixels). These effects then form different
types of artifacts in the 3D reconstruction. For their
elimination, the flat field correction [10] with equal-
ization of the images and bad pixel correction were
applied. These corrections were performed using the
Torast in-house developed Python software (for a us-
age example see [11]). All the functions are available
in a batch mode, allowing a comfortable processing of
whole sets of projection images. New features are cur-
rently being integrated, such as the compensation of
focal spot movement, elimination of residual gradients
in the flat-field corrected images). In the future, the
software will be integrated with the control software of
the TORATOM device to enable advanced acquisition
methods.
3.3. Loading device
The concept for 4D micro-CT of the bending experi-
ments was developed based on experience from mea-
surements presented in [12, 13], where conventional
three-point bending tests (see fig. 2 left) were em-
ployed. Although it was possible to obtain quan-
tification of the crack-tip propagation processes, the
horizontal orientation of the sample perpendicular to
the rotational axis of the CT scanner together with
the loading supports covering parts of the radiograms
caused limitations in terms of contrast and resolutions.
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Figure 2. Basic principles of the loading scenarios
These disadvantages were overcome by employment
of four-point bending setup, where the sample is
oriented vertically with its longitudinal axis identi-
cal with the rotational axis of the CT scanner (see
fig. 2 right).
The newly developed device (Czech national patent
No. PV2018-28 pending) is composed of three main
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Figure 3. Components of the 4PB loading device
components: a pair of motorized loading units with
integrated movable outer supports, a pair of a station-
ary inner supports, and the cylindrical load bearing
frame housing the loaded specimen together with the
components of the loading device. The design of the
device in presented in fig. 3.
The loading device is during the radiographically
observed loading sequence oriented vertically and fixed
on rotary stage of the CT scanner. To ensure high
contrast in the acquired radiograms, the part of the
loading frame located inbetween the inner supports
was manufactured from carbon fiber composite (T700S
carbon fibers, MTM57 series epoxy resin) with low
attenuation of X-rays with the nominal thickness
1.95mm. The outer movable supports are integrated
with driving units with precision captive stepper linear
actuators (23-2210, Koco Motion DINGS, USA) and
precision linear guideways (MGW12, Hiwin, Japan).
Both driving units are independent and equipped with
linear encoders with resolution 1µm (LM10, Renishaw,
UK) for highly precise positioning. Each driving unit
is also equipped with individual load cell (LCM300,
Futek, USA) for force measurements on the outer
supports. The maximum load capacity of the device
is 1500N per single support. Position accuracy and
repeatability in single-direction loading is better than
10µm with sensitivity better than 1µm.
3.4. Experimental procedure
The batches of specimens in shape of a cylinder with
diameter D = 36mm and length L = 195mm were
drilled out from the Godula sandstone, Kocbeře sand-
stone, and Mšené sandstone that all represent tradi-
tional building and decorative natural stones widely
used in masonry for about a thousand years [14]. The
core drilling was carried out parallel to the sandstone
bedding planes. In central part of the sample, a
chevron notch was prepared using a circular diamond
blade. The specimen was subjected to four-point
bending loading sequence performed as a force-driven
experiment to ensure uniform load distribution on the
supports (outer supports span Lout = 180mm, inner
supports span Lin = 150mm). Experiments were con-
trolled by the modified LinuxCNC software running
on a real-time kernel [15]. During the experiment, dis-
placement was interrupted at six discrete loading steps,
where radiographical imaging was performed. In the
loading sequence, one load-step was performed during
the material’s hardening phase, one load-step at the
ultimate-stress point (peak force reached was approx.
325N), and four load-steps were performed during the
post-peak softening phase. The reconstructed image
data from the notch region with resolution better than
20µm showing evolution of the crack and the related
changes in microstructure are depicted in the fig. 4.
Figure 4. Visualization of damaged sample in three
perpendicular planes based on the reconstructed micro-
CT data corresponding to displacement 320µm
4. Conclusions
Proof of concept based on the pilot experiments was
successfully performed in a micro-CT scanner. Based
on these experiments, it was shown that crack develop-
ment and propagation in a quasi-brittle material can
be observed in 3D using in-situ loading procedure and
high resolution 4D micro-CT imaging. Arrangement
of the new experimental setup together with higher
stiffness of the loading device allows to interrupt the
loading procedure at any point of the material’s F–d
curve without the risk of sudden collapse of the sam-
ple. Concept of vertically oriented sample also allows
to increase signal to noise ratio in the acquired projec-
tions to achieve higher contrast in the reconstructed
3D images.
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